The first full unicellular organism to be sequenced was Saccharomyces cerevisae in 1996 1 and two years later the first multicellular eukaryotic genome was that of Caenorhabditis elegans. 2 Subsequently there has been an explosion in the number of genome projects. Potentially the most useful in medical terms, the Human Genome Project, carried out in 16 centres across the world, announced completion of the working draft sequence in 2001. 3, 4 Over 85 per cent of the human genome had been accurately deciphered and a total of 97 per cent of it had been sequenced at least five times. The finished sequence was announced in 2003 with a highly accurate, highly contiguous sequence displaying fewer than one error per 10,000 bases. Only gaps corresponding to regions whose sequence cannot be reliably resolved with current technology remain.
The full length human genomic sequence (known as a build) is created automatically using curated Tiling Path Files indicating clone order and overlap with the location of gaps for each individual chromosome. These are provided by the Human Sequencing Consortium and are used together with high-throughput genomic (HTG) sequence reads to complete a map of the entire genome as an ordered set of contigs (known as a scaffold) to include the location of all bases in the correct order across the genome.
To populate the browsers with the same scaffold data and provide a frame of reference for researchers, each genome project is frozen at a particular stage in finishing the sequence. This freeze is the build that is used as the framework onto which each browser hangs the annotation.
Other genomes are built using a similar method. This is an automated process, and involves the construction of a region spanning billions of bases. Errors during this process result in the absence of a specific region of the genome. This happens to well-known regions as well as novel regions and will be fixed if the relevant consortium is alerted. As the build is currently dynamic, the remaining gaps are constantly being filled and chromosomal coordinates may change with each assembly.
The wealth of data that has accumulated as a result of this myriad of genome sequencing projects around the world has opened the door on further understanding of the mechanisms by which biological functions are achieved. This global genome project is so large, however, that making the data accessible only to those with a working knowledge of scripting and other computer languages will alienate many of those who can help. Creating a user-friendly environment for access to the data is essential and there are several publicly funded projects to address this.
However, this scaffold needs a genebased view to capitalise on the breadth of information available. Unlike a single sequence or feature database, genome browsers incorporate all features of the entire genomic region -subject to available information -and map it onto the genomic scaffold. Genes may also be predicted, and all transcripts are corroborated using evidence such as peptide sequences from the protein databases, expressed sequence tag (EST) transcripts, sequence tagged sites or cDNA sequences. They also provide other resources such as links to external information, text searching, sequence homology searching and data mining facilities. Owing to the enormous quantity of information, this process is fully automated with minimal human intervention.
There are essentially three main genome browsers incorporating information on human and a variety of other organisms (Table 1) :
is a collaboration between the Sanger Institute and European Institute of Bioinformatics in the UK and collates the information retrieved from the Human Genome Project and other resources. It is composed of a series of web pages known as 'Views', which interlink and guide the user through all available information from the gene environment of the contig, to transcript translation, single nucleotide polymorphisms (SNPs) and linked diseases. Information is crossreferenced to provide data on homologues. Ensembl offers a prerelease data set so researchers can access a new build before it has been fully annotated. The DAS (distributed annotation system) sources allow the user to visually compare their own or others' data with that provided by Ensembl.
• UCSC 7 is available at the University of Santa Cruz, California, USA. The UCSC Browser displays genomic information for unicellular and multicellular species. A variety of information is available as tracks under a specified region of the genome and several features can be displayed at one time. Custom tracks allow the user to add their own data for comparison.
• MapViewer 8 is the genome browser available from the NCBI. MapViewer currently provides information for eight mammalian genomes, eight plant genomes and a variety of other vertebrates, invertebrates, fungi and protozoa retrieved from various sources. A number of microbial genomes are also represented. A LinkOut facility allows customisation of the display with additional data, although this is subject to admission by a validation society.
The three genome browsers differ in the way they display the various facets of the genome and access that information. The physical genomic data are retrieved from the same source for all three. In the case of the Human Genome it is created at the NCBI by the International Human Genome Sequencing Consortium and all three of these sites collaborate to assess the assemblies. Other genomes are retrieved from their respective sequencing consortia. Ensembl and UCSC include the Swiss-Prot proteins as an external data source and corroboratory evidence, while NCBI uses its own peptide data. The Ensembl genewise pipeline for building each gene from the data is unique, involving gene prediction and corroboration of this and other evidence with external automated and curated data sets including Unirprot/Swiss-Prot.
Automation ensured that the genomic information was made available as quickly as possible to all the researchers who will help to analyse it. Now that several genomes are finished, the slower curation process has begun on the data. Two Genome Browsers that offer this type of curation for human data are Vega, 9 an initiative of the Sanger Institute in the UK, and the H invitational Database (H-invDB), an international collaboration hosted in Japan, 10 which has suggested that as much as 4 per cent of the Human Genome Build 34 was incorrect:
• Vega: current curation of chromosomes 1, 6, 7, 10, 13, 14, 19, 20, 22, X and specific regions in • H-invDB: curation of human genomics data only using the same scaffold as the automated browsers. Over 41,000 FLcDNAs collected from six different sequencing projects are aligned with the scaffold and those regions producing 95 per cent identity with 90 per cent sequence coverage are considered correct and displayed in the browser.
Other genomes are represented in curated databases and may provide their own interface. The Generic Model Organism Database Construction Set 11 is an international collaboration designed to create a database and browser format that can be applied to any organism. Many databases also use the database schema and browsing capabilities of Ensembl that are publicly available. Table 2 lists some examples of these species-specific database browsers, although the list is by no means exhaustive.
Currently genome browsers rely on accessing several different pages of line graphics and text. A collaborative group in Canada is currently developing a threedimensional genome browser. Known as Sockeye, 12 it uses the Ensembl data and annotation and is designed to allow 3D comparison of several genomes at one time. Although it does not add anything to the information retrieved from Ensembl, it displays it in a different format.
